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          Procedures involved in reducing relatively clean air Dobson spectrophotometer 3 
observational data to yield total ozone amounts are straightforward. Observers are, 4 
therefore, urged to compute the total ozone amount immediately after making each 5 
observation and to examine the results for reasonableness. If the calculated ozone amount 6 
appears unrealistic, another observation following the first one should be made to 7 
improve on or verify the result first obtained.  With modern computers, this is much 8 
simpler than in the past, and in many systems an ozone value is produced with directly at 9 
the end of the observation.  Often the computer program has a set of criteria to apply to 10 
the observation, and can reject the observation as being too variable, or highly 11 
unreasonable.  These programs then suggest possible reasons and solutions.  Observers 12 
can make two observations, and easy compare the results.  Results that agree with +/-1% 13 
indicate reliable observations.   14 

The equations and coefficients described in this section have limitations.  Other methods 15 
can be appropriate under special circumstances.  Ozone values placed in the World 16 
Ozone and UV Data Center are expected to have been analyzed with the equations and 17 
coefficients given here, so the values can be compared with those from other stations and 18 
times.  When results from other instruments are compared to the Dobson instrument 19 
results, the limitations can become evident. [Bernard, 2004 – in progress] 20 

          Total ozone measurements in highly polluted atmospheres may be degraded by 21 
atmospheric trace gas constituents such as SO2 and NO2 that have absorption spectra in 22 
the region of the Dobson instrument wavelengths, or by ozone produced photochemically 23 
near ground level in polluted air (Komhyr and Evans, 1980). Observers, whose Dobson 24 
instruments are located in highly polluted air, are encouraged to conduct investigations 25 
into the amounts of interfering trace gases present and to make estimates of possible total 26 
ozone measurement errors.  Stations in polluted air have special problems.  Polluted air is 27 
often not well mixed or consistent, changing with air flow and sun light.   As the region 28 
producing the pollutant changes over the years, a false trend can be introduced in the data 29 
record [De Muer, 1992].  Some stations are subject to polluted air when local weather 30 
conditions allow.  Other measurements made at the site can be used to determine if the 31 
station was under the influence of polluted air. 32 

The analysis of the observations on direct sunlight to produce total ozone is based fully 33 
on the physics of the measurement.  The analysis of the observations on zenith sky light 34 
is based on the statistics of quasi-simultaneous direct sun and zenith observations.  This 35 
method forces the long-term average of the zenith observations to match that of the direct 36 
sun.  This likely is a false result with regards to cloudy zenith, as the atmospheric 37 
conditions that make quasi-simultaneous possible are likely different than the conditions 38 
that produce consistent cloud.  In regard to measurements on the light from the zenith, the 39 
knowledge of the radiative transfer processes has increased, but the cloudy conditions are 40 



still a problem – not only for Dobson observations, but for all instruments that look at 41 
skylight under cloudy conditions, and attempt to deduce total ozone. 42 

The chart method described below has the statistical background buried.  This technique 43 
dates from a time when complex computations were more difficult and time consuming.    44 
The relationship can be described with a set of polynomial equations, the coefficients 45 
being determined from quasi-simultaneous measurements [Stanek and Vanicek, 1996].  46 
The coefficients are station dependent, and should be continuously verified, as the 47 
atmosphere changes on the long term. 48 

The results of the analysis are dependent on the assumptions used in the analysis method.   49 
These assumptions and their effects should be considered when ozone values from other 50 
instruments are compared to Dobson results. 51 

There are limitations to the instrument ability to correctly measure the difference of 52 
intensity, especially a low intensity light [Basher, 1982].  This is especially true of the A-53 
pair.  An indication of the intensity of the light is the term MuX, the mathematical 54 
product of the total ozone amount and Mu.  Stations that make observations at high Mu 55 
values, should investigate the response of their instrument with respect to MuX.  The CD 56 
measurements are much dependent on MuX, and can be used as a baseline. 57 

Sometimes observations are made as single pair measurements, such as CDA (a C-pair, 58 
followed by a D-pair, and then an A-pair).   Each measurement in the observation has a 59 
separate time.  The equations must be derived so that the mu value for each individual 60 
pair is calculated and included in the calculation.  This calculation is described in detail in 61 
the discussion of instrument calibration. 62 

7.1 Calculations of Total Ozone from Measurements on Direct Sun or Moon  63 

          The general equations used for deducing total ozone amounts from Dobson 64 
spectrophotometer observations on direct sun or moon are given in Section 2.1 of this 65 
manual. Insertion into these equations of numerical values for the ozone absorption 66 
coefficients alpha and for the molecular scattering coefficients beta yields the following 67 
equations from which total ozone amounts are computed:  68 

 69 
        NA            m p    (delta-delta')A   sec Z  70 
XA = -------- - 0.066----- - --------------- * -----                                    71 
(3) 72 
     1.748 mu        mu p0       1.748          mu 73 
 74 
 75 
        NB            m p    (delta-delta')B   sec Z  76 
XB = -------- - 0.099----- - --------------- * -----                                    77 
(4) 78 
     1.140 mu        mu p0       1.140          mu 79 
 80 
 81 
        NC            m p    (delta-delta')C   sec Z  82 



XC = -------- - 0.138----- - --------------- * -----                                    83 
(5) 84 
     0.800 mu        mu p0       0.800          mu 85 
 86 
 87 
        ND            m p    (delta-delta')D   sec Z  88 
XD = -------- - 0.289----- - --------------- * -----                                    89 
(6) 90 
     0.360 mu        mu p0       0.360          mu 91 
 92 
 93 
      NA - ND          m p    [(delta - delta')A - (delta - delta')D = 0]   94 
sec Z 95 
XAD = -------- - 0.009----- - ------------------------------------------96 
- * -----          (7) 97 
      1.388 mu        mu p0                   1.388                          98 
mu 99 
 100 
 101 
      NB - ND          m p    [(delta - delta')B - (delta - delta')D = 0]   102 
sec Z 103 
XBD = -------- - 0.012----- - ------------------------------------------104 
- * -----          (8) 105 
      0.780 mu        mu p0                   0.780                          106 
mu 107 
 108 
 109 
      NC - ND          m p    [(delta - delta')C - (delta - delta')D = 0]   110 
sec Z 111 
XCD = -------- - 0.014----- - ------------------------------------------112 
- * -----          (9) 113 
      0.440 mu        mu p0                   0.440                          114 
mu 115 

          AD-DSGQP observations have been recommended as standard by the International 116 
Ozone Commission. All other observations must therefore be reduced to the AD level 117 
before publication of final data. As indicated in Section 6.4.4, for example, CD-DSGQP 118 
observations may yield total ozone data slightly different from total ozone amounts 119 
determined from ADDSGQP observations. This difference should be determined by 120 
special measurements such as those described in Section 6.4.4, and the XCD values 121 
adjusted to the XAD level before publication of the data. Determinations of XA, XB, XC, 122 
and XD are not normally made since numerical values for the particle scattering 123 
coefficients associated with these observations are generally unavailable. Exceptions are 124 
moon observations on D wavelengths in polar regions where the air is very clean. When 125 
the moon is fairly low in the sky, there may not be sufficient instrument sensitivity to 126 
make observations using A-pair and C-pair wavelengths, but adequate response of the 127 
instrument to the longer D wavelengths. Reduction of the data then involves use of 128 
equation (6), with the assumption that (delta-delta')D = 0.  129 

7.1.1 Ozone Absorption Coefficients  130 



          IAMAP 1968 ozone absorption coefficients used in reducing Dobson 131 
spectrophotometer data are shown in Table 5. The coefficients have been derived from 132 
Vigroux (1953) laboratory values, modified for use with Dobson spectrophotometers by 133 
Dobson (1957a), and adjusted at the recommendation of the IOC in 1968 on the basis of 134 
observational data to yield relatively consistent sets of ozone amounts from observations 135 
made on different wavelengths.  This section will have to be updated with the 1992 136 
coefficients. 137 

          In calculating the ozone absorption coefficients, allowance was made by Dobson 138 
for the temperature of ozone in the atmosphere (assumed to be -44°C) and for the finite 139 
band-width of wavelengths passed by the monochromator. The equivalent widths of the 140 
monochromator slits are:  141 

  142 
 S1 = 9 A.U.     S2 = 9 A.U.     S3 = 30 A.U. 143 

  144 

Weighting of the absorption coefficients for the different wavelengths is that shown in 145 
Figure 6.  146 

          The absorption coefficients shown in Table 5 have been adopted as standard. 147 
Recent evidence, subject to verification, suggests that these coefficients possibly yield 148 
ozone amounts too high by 5 to 10 percent (Komhyr, 1980).  The coefficients were re-149 
determined, and new values were put into place in 1992 150 
(http://www.cmdl.noaa.gov/ozwv/dobson/papers/coeffs.html) 151 

7.1.2 Rayleigh Scattering Coefficients  152 

          The molecular scattering coefficients incorporated into equations (3) to (9) above 153 
are presented in Table 5.  154 

7.1.3 Particle Scattering Coefficients  155 

          In reducing ozone data from observations on double pair wavelengths such as the 156 
AD and the CD wavelengths, the particle scattering coefficients  157 

(delta-delta')A - (delta-delta')D  158 
(delta-delta')C - (delta-delta')D  159 
are assumed to be zero.  160 

          Except during very clear atmospheric conditions that may be present in polar 161 
regions, over oceans, on top of high mountains, etc., the pair wavelength coefficients 162 
(delta-delta')A, (delta-delta')C, and (delta-delta')D are not zero. Ozone measurements, 163 
therefore, should generally not be made using single pair wavelengths (see also Section 164 
7.1).  165 



7.1.4 Computation of mu  166 

          The quantity mu represents the ratio of the actual path length of a ray of light 167 
through the ozone layer as compared to the vertical path length. It is computed from the 168 
equation:  169 

                 R + h            170 
mu =  ---------------------------                                                      171 
(10) 172 
      sqrt((R+h)2 - (R+r)2 sin2 Z) 173 
 174 
where  175 
R = mean earth radius (6371.229 km); 176 
r = height of the station above mean sea level; 177 
h = height of the ozone layer above mean sea level at the location of 178 
the station; 179 
Z = solar zenith angle. 180 

          No significant errors are introduced into computations of mu by using the mean 181 
earth radius for R rather than the actual earth radius at the station location. It is important, 182 
however, to incorporate into equation (10) correct values for the station height above 183 
mean sea level, r, and the height of the ozone layer, h, above mean sea level at the station 184 
location. It is well known that the height of the ozone layer above mean sea level 185 
decreases in the pole-ward directions. To solve equation (10) it is sufficient to use values 186 
for h given in the table below, which relates the height of the ozone layer above mean sea 187 
level to station latitude.  188 

 189 
Station Latitude, theta      Height h of Ozone Layer    190 

    in Degrees               Above Mean Sea Level in Km 191 
 192 

      ±  0                            26              193 
      ± 10                            25              194 
      ± 20                            24              195 
      ± 30                            23              196 
      ± 40                            22              197 
      ± 50                            21              198 
      ± 60                            20              199 
      ± 70                            19              200 
      ± 80                            18              201 
      ± 90                            17              202 

 203 

7.1.5 Values of m and p/p0  204 



          The symbol m appearing in equations (3) to (9) represents the equivalent path 205 
length of sunlight or moonlight through the earth's atmosphere allowing for refraction 206 
and curvature of the earth. Values of m vs. COSZ (Bemporad, 1907) are tabulated in 207 
Appendix G. Values of m may also be determined from the following polynomial 208 
approximation to the values of Bemporad (Hiltner and Hardie, 1962):  209 

 210 
               m = sec Z - 0.0018167(sec Z - 1)                          211 
                         - 0.002875(sec Z - 1)2                                         212 
(11) 213 
                         - 0.0008083(sec Z - 1)3                          214 
 215 

          When computing ozone amounts from observations on the double pair wavelengths 216 
AD,  or CD, it is sufficient to use mean station pressure p in equations (7) to (9). 217 
However, when computing single pair A, C, or D wavelength ozone amounts using 218 
equations (3) to (6), significant errors result if mean rather than actual pressures are used 219 
at times when extreme pressure deviations occur at the station.  220 

7.1.6 Computation of COS Z for Sun and Moon  221 

          Details of manual and computer calculations of solar and lunar zenith angles Z, and 222 
hence mu, are provided in Appendix F. The importance of incorporating horizontal 223 
parallax corrections into the COSZ computations for moon observations is also treated in 224 
this Appendix. Additional useful astronomical information, concerning the celestial 225 
sphere and concept of time, is provided in Appendix H and Appendix I.  226 

7.2 Calculation of Ozone Amounts From Measurements on the Clear Zenith Sky  227 

          Zenith sky ozone observational data are reduced by means of empirically 228 
constructed charts which relate instrument N values, mu and X. Such charts are normally 229 
drawn up using quasi-simultaneously obtained data from AD-DSGQP observations and 230 
observations on the clear or cloudy zenith. Nearly simultaneous direct sun and clear 231 
zenith sky observations are readily obtainable. However, when the sky is cloudy, it often 232 
becomes necessary to compare direct sun and cloudy zenith observations that have been 233 
taken several hours apart.  234 

          The data reduction charts shown in the following sections were derived in Canada 235 
in the late 1950's (Komhyr, 1961; Kinisky et al., 1961), and are applicable for use in 236 
middle latitudes. Copies of the charts are available from NOAA Air Resources 237 
Laboratory, Boulder, Colorado, for preliminary use at any ozone observatory. It is 238 
important to note that the charts cannot be used universally, since the shapes of the chart 239 
curves are a function of the ozone vertical distribution, the earth's albedo, atmospheric 240 
clarity, and instrumental factors. Therefore, although the charts can serve as useful 241 
starting tools for preliminary reduction of data, it is necessary at each station to obtain a 242 
sufficient number of comparison direct sun and zenith sky observations to correct the 243 
charts so that they yield optimum quality data at that location.  244 
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7.2.1 AD-ZB Observations  245 

          AD-ZB observational data are reduced by converting instrument R-dial readings to 246 
NA - ND values, computing COS Z and mu from knowledge of the times of observations, 247 
determining (NA - ND)/mu values, and then reading total ozone amounts directly off Chart 248 
AD, a sample copy of which is shown in Figure 7.  249 

          Some indication of the quality of data obtainable from AD wavelength 250 
observations on the clear zenith sky has been given by Komhyr (1961) who showed that 251 
when 177 nearly simultaneous ADDS and ADZB values were compared at Moosonee, 252 
Canada, during 1957 to 1959, over a wide range of mu and X, the resulting error 253 
frequencies for the zenith sky observations were the following:  254 

 255 
    Error : <= 1% <="2%" <="3%"  256 

 257 
Frequency :   54%     78%     95% 258 

7.2.2 CD-ZB Observations  259 

          These are reduced in a manner similar to that used in reducing AD-ZB 260 
observations. The ozone values are read off Chart CD, a sample copy of which is shown 261 
in Figure 8. Chart CD should, however, be regarded as highly tentative since a definitive 262 
study has not yet been made of how well total ozone amounts can be estimated from 263 
zenith sky observations on CD wavelengths.  264 

7.2.3 CC'-ZB Observations  265 

          Here again, RC and RC' readings are first converted to NC and NC', mu is computed, 266 
and using the mu and NC' values a small, usually negative haze-correction factor, DeltaNC, 267 
is read for low cloud off Cloud Correction Chart C', a sample of which is shown in Figure 268 
9. DeltaNC is then added to the observed NC and the new NC value and corresponding mu 269 
are finally used in reading the ozone amount directly off Chart C, a sample of which is 270 
shown in Figure 10.  271 

          If the sky is perfectly clear, the correction DeltaNC should equal zero. In practice, 272 
even though the sky may appear to be very clear, DeltaNC is found to be small, positive or 273 
negative. The reason for the observed scatter is unknown; it cannot be attributed entirely 274 
to instrumental error. When reducing the data, positive DeltaNC values are taken to be 275 
equivalent to zero.  276 

          The abscissa values shown in the Cloud Correction Chart C' chart of Figure 9 apply 277 
to a specific ozone spectrophotometer. For another instrument, these values will normally 278 
be shifted by a constant. To determine the shift constant, it is necessary to perform many 279 
clear zenith sky observations on C' wavelengths (for 1.015 < 4.4). Fitting of the resulting 280 
NC' values to the DeltaNC = 0 curve of the Cloud. Correction Chart then establishes that 281 
chart's abscissa values for the particular instrument in use.  282 



          Some indication of the quality of data obtainable from CC' wavelength 283 
measurements on the clear zenith sky is available from observations made at Moosonee, 284 
Canada. When 201 ADDS and CC'ZB nearly simultaneous values were compared during 285 
1957 to 1959 over a wide range of mu and X, the resulting error frequencies for the 286 
zenith sky observations were the following:  287 

 288 
    Error : <= 1% <="2%" <="3%"  289 

 290 
Frequency :   60%     82%     92% . 291 

 292 
 293 

.3 Calculation of Ozone Amounts from Measurements Made on the Cloudy Zenith  294 

7.3.1 AD-ZC Observations  295 

          The ozone data are at first reduced in exactly the same way as the clear sky 296 
observations. Measurements on cloud, however, tend to yield ozone values that are 297 
slightly too high, especially at the higher mu values. The XAD values read off Chart AD 298 
must be decreased by amounts shown in a Table of Cloud Corrections for AD 299 
Observations, a sample copy of which is shown in Table 6. The cloud corrections are 300 
applied only for medium-thick or thick clouds.  301 

          An indication of the quality of data obtainable from AD wavelength measurements 302 
on the cloudy zenith sky is available from observations made at Moosonee, Canada. 303 
When 136 quasi-simultaneous ADDS and ADZC values were compared during 1957 to 304 
1959 over a wide range of mu and X, the resulting error frequencies for the zenith sky 305 
observations were the following:  306 

 307 
    Error :  <= 1% <="2%" <="3%" <="4%"  308 

 309 
Frequency :    32%     55%     76%     91% . 310 

 311 
 312 

7.3.2 CD-ZC Observations  313 

          The ozone data are reduced in exactly the same way as the clear sky measurements. 314 
Further work is needed to ascertain whether a table of cloud corrections (similar to that 315 
used in reducing AD-ZC data) is needed to improve the quality of CD-ZC type 316 
observations.  317 

7.3.3 CC'-ZC Observations  318 

          The observations are reduced in a manner similar to that for reduction of CC'-ZB 319 
observational data. However, the cloud correction (deduced from Chart C') to be applied 320 



to NC values now becomes DeltaNC + delta(DeltaNC) where delta(DeltaNC) vanishes for 321 
low cloud but not for middle or high cloud.  322 

          An indication of the quality of data obtainable from CC' wavelength measurements 323 
on the cloudy zenith sky is available from observations made at Moosonee, Canada. 324 
When 300 quasi-simultaneous ADDS and CC'ZC values were compared during 1957 to 325 
1959 over a wide range of mu and X, the resulting error frequencies for the zenith sky 326 
observations were the following:  327 

 328 
    Error : <= 1% <="2%" <="3%" <="4%"  329 

 330 
Frequency :   33%     66%     81%     89% . 331 

 332 
 333 

          An alternate method of applying cloud corrections to CC'-ZC type observations is 334 
presented by Dobson (1957a). Application of this method, however, is somewhat more 335 
tedious than that described above, and does not lead to markedly improved data.  336 

7.4 Reduction of Umkehr Data  337 

          In processing standard Umkehr data for C wavelengths, the NC values of interest 338 
are those corresponding to solar zenith angles Z of 60°, 65°, 70°, 74°, 75°, 77°, 80°, 83°, 339 

84°, 85°, 86.5°, 88°, 89°, and 90°. To extract the needed information from the entire body 340 
of observational data, the practice is to plot instrument dial readings RC vs. Greenwich 341 
Mean Time as shown in the sample plot of Figure 11. Then, starting with values of 342 
COSZ, the times of occurrence of the pertinent Z values are computed by working the 343 
usual mu computations in reverse (See Appendix F). RC values, corresponding to the 344 
computed times, are then extracted from the plotted data and converted to the required ND 345 
values. Short Umkehr NA and ND values are obtained in a similar manner from plots of RA 346 
and RD vs. Greenwich Mean Time.  347 

          Observational Umkehr data should be coded according to instructions given in 348 
Section 8.2, and forwarded to the World Ozone and UV Data Center, Downsview, 349 
Ontario, Canada for processing to obtain atmospheric ozone vertical distributions 350 
processed with the most current algorithms.   The code for reduction of the Umkehr 351 
measurements to profiles is available, but the actual observational data is submitted and 352 
archived, so all existing profiles can be re-determined when the algorithm is updated. 353 
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